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SUM^UHY 


A review was made of th<* present world rest)urees, reserves, pro- 
duction and costsof reactait niatevials iron, chromium, titanium and 
bromine for pro|x>sed Hedox Flow Cell Hulk Knerjiy Storajje Systems. 
Supplying required materials for multimegawatt hour systems apiH'ars 
to be feasible even at current production levels. Iron and chromium ores 
are tlie most abundant and lowest cost of tlie four reactams. Chromium is 
not a domestic reserve, but Hedox system installations would represent a 
small fraction of U.S. im|K)rts. Vast quantities of l>romine are available, 
but present production is U>w and therefore cost is high, ritanium is 
currently available at reasonable cost, with ample reserves available for 
the next fifty years. 


INTItOnUCTION 

Tlie emphasis u|K)n energy conservation lias stimulated the searcli 
for cost effective electrical energy storage schemes to improve the ojX'r- 
ating efficiency of electric utilities. Many ty|X':' of electrochemical energy 
storage systems have been pro’xised for this purpose with serious develop- 
ment being initiated on several of tliem (ref. 1). The primary need for 
bulk energy storage is to enable electric utility companies to meet the peak 
energy demands of large metro|X)litan areas. Fnerg>' storage also allows 
for more efficient utili/ation of the base load generating equipment. Also, 
the success of solar photovoltaic and wind turbine generalors as alternate 
energy sources is very de|X'iuient u|xm suitable energy storage. 

One electrochemical system for bulk energy storage, tlie Hedox Flow 
Cell, has Ix'en under development during the last four years at tlie Lewis 
Hesearch Center (ref. 2). A schematic diagram of tlie system is shown 
in figure 1. Energy is stored in two soluble reactant fluids. The two 
separated fluids flow- through an electrochemical conversion section where 
oxidation of one fluid occurs on one side of an ion selective membrane and 
reduction of tJie other fluid occurs on the other side to pnxiuce electricity. 
To charge the system, current is supplied by the |xiwer source, for exam- 
ple, electric utility company, solar or wind generator. Initial work has 


shown that tho lh*dox systrm fouUt moot tho oritt'i ia ostahlisliod l\»r a 
l»ulk onorny storam* systt'in (rots. 3 and 4). I’ltt' Ih*dox systom has botMi 
»*vahiatod ox|K'rimonially as a storaj;*' systt*m lor a solar photovoltaio 
onori;y systom (rof. f>). Althoupli Umitoii in naturo, tliis work iiutioa*od 
HikkI como dihility aiul intorlaoinp oharaotoristios ot tho two systoms. 

null onori;>’ storat’.o systoms hasod on olootroohomioal oonoopts ro- 
quiro lar^o I'aoilitios as wtdl a.< lar^'o qiiantitios ol roaotivo matorials. 

I’ho Hodox systom usos aoul soJulilo roaotants wluoh inoludo iron, oliromi- 
um, titanium and hromino. I'Wit promisiiH; systoms art> tlio iron*ohromium 
and hromino-titanium oomhinations in aoidio ohlorido solution. Stora^o 
oapaoitlos of Ifodox systoms oould rant^o from multi>kil«)watt>hour sizos 
for solar applioations t<) multi-mopawatt>hour sizos for olootrio utility 
t'liorfiy storap;o systoms. 

Tho pur|H».so of lliis stiuly is to asst'ss tiu' availability and cost »)f tho 
raw matorials for uso in lariio rodox plants. Tho impaot of supplying 
rotlox roaotants on ourrtMit prinluotion is also ostimatod. Cost is basod t*n 
raw matorials only aiul doos not inoliuU' prooossint: stt'ps to proparo tho 
dosirod ohomioal form. Km»\vn diqnisits of matorial in tho Karth’s orust 
whioh oould Ih' minod ii produotion woro t'oonomioally foasibh' aro oallod 
ro.souroos. Matorial whioh oan lu' produootl t'oonomioally with ourront 
toolmolo^r>’ is roforn'd to as rosorvos. \N Drill produi'tion was u.sod as tlio 
basis for tho impaot on produotion. .\n tm|H)rtaiU oonsidoration is tlio 
I'.rinoiplo hu'ation of tlio raw mati'rial. Politii'al situation witii tlu' ooun- 
tii‘*s involvt'd and balanoo of paymonts must bo oonsidorod, but tlio impaot 
assossmont of thoso faotors in dotail is boyond tho soo|h' of this roport. 

Hodox systom ousts, siziiq: and modoliiqr studii's havo dotorniinod 
tho quantity of mati'rial roquirod fur a partioular systom (rofs. 3 and 4). 

In this study, tho offoot on priHluoiion was basod on a 20 MW, llH) MW ll. 
ih) poroont utilization .systi'iii. I’liis sizt' ol sy.s'.'iii is typioal of as a stor- 
a^o faoilitv for a utility oompany with daily oyolo storai^o ii’quironionts. 


Hl'.siUT.'^ 


Statistioal information was obtaiiu'd from roforonoos t» and 7. Hosults 
of tho study aro tabulatod in tablo 1. I'lu' supply and oust of tho throo nu'lal 


roai’lunls. iron, i*hri>miuin aiui titanium wort' basoil on tiu'ir oros. 

Iron oro oontains aUnit to 70 ivroont iron. Chromitt' oro. tho 
rtourt't' of I'lironmim, t'ltntains U'twt'on 22 to ItH iH'rfont t*hri>muiin. 

Unu'iiito uikI rutiU' oros art' tlio sourot's of titanium. Ilmt'iiitt' oro oon- 
oontratos oontain alnnit 32 iH'i ot'iil titanium. Hutilt' t>rt' oonoontratos 
oontain abtuit 00 iH'ioont titanium. Itromino is prtHiuooO in tho olomontal 
stato, Mr.>, or as salts suoli as NaHr, KHr aiui t'anr.>. 

Iron oro rt'Si>uroos aro tlio nu>st almiutant t>f tiu' ftuir roaotants with 
800M0** tims i>f mtnablt' i>ro. Worlii rt'sorvi's aro t'stimatt'ti at 32 ivroont 
of tho rostuirot's. Tho O.S. has ' I I iH'ioont of tlio worlil s iron oro 
rt'souroos. I\>mostio rostuiroos OtuiUI moot fi>rooast liomaiui thriui(;h tho 
yoar 2000. lUnvt'vor, Ouo tt> atlvantac.t's in priot'. quality. transportatu>n 
ousts i>f soino ft»roij:n oros aiui invt'stnu'nts by U.S. stt'ol proiiuoors m 
fi>rt'i|;n minini: pnqt'ots, imixirts i>f i>ro aro oxjH'ott'il to oontmuo. 

Worlil ohromium rosouroos aro oonsiilort'il to U' abuiulani witli an 

t) 

ostimatoil IHMO* tons of ohromito ori' avatlablo. llowovor, liomostio 

rosourot'5. ot ohromium aro small aiul low ^u ailo. I'omostio priHiuotion 

of oliromium was ourtaiU'il in 100 1 . Most of tIu' ohromitt' oro is Ku'alt'i! 

in tho ’fopublio of South .\frioa anil Southorn Kluulosia W orlil rosorvt's 

of ol'.oomium aro about 15 porot'iit of tho rosouroos aiui art' proiliott'ii 

ailoquato to mot't tlu' liomaiui for tho fort'st'oablo futurt'. 

Ilmomto oro suppli.'s 05 lU'i oonl ot tlio worlil’ s ilomaiul for titanium. 

Tho romainilt'r oonu's from rutiio. Worlil rt'.sourot's of ilmomto total 
() 

3.7N10* tons ot oonot'iitrato. 'I'lu' V S.A. has major ilmonito rosouroos 
or alH»ut 10 pt'rooni of tho worlil rosouroos. In 1070 tho U.S.A importi'il 
•M pt'roont of its ilmomio. Worlil ilmomto rosoi'vos aro 21 jn'roont of tho 
rt'souroos. fhlu'r major looath*ns of ilnioaito aro in t'anail.i. Norway aiul 
Soutli .Afrioa. Nint'ty-mno iH'rot'iil of tho iloniostio ilmomto proiluotion is 
usoii for titania piipiiont proiluotion 

Kutilo oro IS iiiuoh loss abuniiani than ilmomti'. Worlil rutiU' ro- 
.souroos art' t'Stimatoii at 220^ lo'* tons of oonoonirato with about 3 ix'rot'iit 
looatoil in tho U.S. A .Australia is tho souroo for aUnit 00 pt'iot'iit of tlu' 
worlil's supph riit' U.S.A. has ono ratilo proiluouq: niino looatoil in 1‘loruia. 
Tilt' U.S.A. is 00 |H'rot'iit ili'iviult'iit on foronjn markots for rutilo. Kutilo 
is proforroil to ilmonito Ivoauso of its hio.hor titanium oonti'iit aiul loss 


\ 

Hrt>rossini’. \vas(»'. Ktj’.hly »»l llu’ kni»wn worUl niiih' r«‘s»nm t*s 

ran In* as I'i'M'rx »'s. 

VirUiallv uulumU'ti amoimls i»l ar«* availahU' lrt*?n s«*a walrr 

aihi l»riiu’ wi'Us 'I'Iumv aiv n.* «'s(nuat«'s U*r bri»mnu' rt’souivt's »>r r«*- 

si'rxvs riu' Soa in lsra«'l «s «'sitina(('«i t»> ('««ntain »»iu' Inlhi'n Ions 

ol Uromliu*. Major U.S. A. sonrros aro Irom hrino wolls in Aikansas 
aiul Mii'hi|>an. 

WorKI aiul ii.o.A I’rtHiurlmn ainl tho i»nro |wm- ton ol Iho \\\ 

I’r. ami Ti oros ami iMotnino aro shown in lahlo 1. Worhl ir»»n on' pn>- 
iiiu*lu>n is llu' lai’i’a'sl of tlu* huir n'ai'i.inl inalorials al liST^tO l.nis. riio 
U S. A. prmlmvci lUK lo” Ions or l> |H'r»‘«'nl ih llio worUl prtHliu'lion. 

I5i7i> prii'i' was SIS ion. x’lir**imii' oro world nuiu' priHlm*iit>n was 

Unis. Uitvlut'iion i*l rhnmuU' oro was n'sunw'd in llio U.S in 
U.i7i’. lull U»nna('.o lii’.uros won* wilhlu'Ul ami aro lik»'ly insl)'.nilu*anl. 
linporls sup|>lit'tl ‘.>i' pi'n'oiil ol U.S. t'lironinmi iloni.iiul wilh llio halanoo 
otMiiiiiiv I r»»ni roolanialion oi sor.ip. Siuiih Alrioan »*n' prio«' was Slih ii>n 
lor U>7r» lull IS oslinialod al Sh-I Ion lor U.i77. U\»rKl protliioiu>ii i>l lln' 
lil.iniuiii t>ri's ilnn'iiilo ami riililo .is ooiu’t'iilralos. woro •l.L’S'' 10 ami 
O.llNlO*’ Ions. U.S. iltnonilo proiluolion was i'. lifo' 10*’ u»ns »w .ilnnil 
ir> p»'roonl id Iho lol.il. I'ip.uros ol Iho U S. prodm lion ol rulilo woro 
willihoUl bill ran l»o osiunalod al .iboul 10 poroonl. Uriro ol ilinonllo ami 
riiliU' oro ooiiot'iil ralos won' S lO .iml S^'U' ion. ro.sporin oly. ihilih' priro 
lor l‘.*77 IS oslinialod lo dooroaso lo .iboul Slii*'» ion. \Norld broniino pro- 
iliimon was li.ICV^lO*’ ions wilh li.’J'.*'' 10*’ lor.s U’*7 iH'rronll prodiioi'd by 
llio U.S. ;\. Uroniino priro was SOlU' Ion. 

riio l.isl Iwo roluiiins ol l.iblo 1 show iho inipari on world produriion 
il ono hundrod. lOl' MW II rodoN onori’.y sioraj’.o plains woro bronr.hl inlo 
oiH'ralion and iho oro rosi por UU'O .inip-hr |.\IU ol oiioi t'.y slor.ir.o. Uhio 
luimlrod pi. nils is .in ostini.ilo ol Iho minibor ol b.iiiorv systonis whirh rould 
bo prodiirod rosi c'tlc'riixolv |H'r yoar bv lour b.iiiorv ronip.inios dodir.ilod 
lo I'lorirorhoniir.il slor.ij'.o sysloni t.ibrir.ilion lr«'l. S'. I I'ho nuanlilv ol 
n'arl.inl inalorial roipiirod w.is b.isod on .i sysloni oiH'i aiiii!* on .i dailv 
r\rlo undc'r dlsrh.irr.o romlilions ol '.'0 MW’ Iim* a hours wilh a t'O pt'rroni 
ulili.-alion ol ro.irl.inis. Usinr. Ihoso rrilori.i. 7 77Mi' iiiolos lonuiv.ilonl 
to bln Ions rhroniiuni niol.il. 17S tors iron niotal. 110 Ions lil.iiiiuin niotal 



aiui 1030 tons bi'omino) of oarh roartant ts roquirod for thoso snv^lo olor- 
triKlo transfiM’ roartions. Calculations for ore rcquircnu'nts wore based 
on iron ore containing 51.5 ivrcent iron, chromite ore containint; 30 m*r- 
cent cliromiuin, ilmenite ore concentrate containing; 32 jH'rcent titanium 
aiul rutile ore concentral*.' containing; 00 iH'rcent titanium. Mromine cal- 
culations were based on a 50 jH'rcent excess requinnl due to the formation 
of the tribromide ion, Mr.^” (Hr,, + Hr” Hr,^”) in tlie chari;ed state, 
t^oniine raw material was assumed jnire. 

Usini; tliese basic assumptions tlie ix rcent of the World 1070 Produc- 
tion was calculated for each reactant. 

Iron ore required fi>r 100 plants would be 0.0004 |X'rcent of the 1070 
World PriHluction. Iron o.e cost is SO. 08 1000 All. C'hromite i>re re- 
quired is l.O IH'rcent of 1070 World PriHiuction with an I're cost t»f SO. 25 
1000 .Ml. Hsini; ilmenite i>re as the stuirce of titanium supply wmild re- 
quire 3.0 IH'rcent of tiu' one year prt>duction. With rutile as the titanium 
source, 15.5 ivrcent v»f the 1070 World Prinluction would be requirt'd to 
supply 100 plrnts. Ore costs for ilmenite and rutile would be SO. 30 and 
SI. 07 1000 All capacity, resivctively. Hromiiu' needed for 100 plants 
would Ih' 31.4 IH'rcent of the world priuiuction ami ct»st estimate is S2.07 
1000 All. 


mst'PSSlON 

The current availability of the four reactant materials can Iv d»>ter- 
mined fn>m the world re.serves. The world reserves for iron ore, chro- 
mite ore and ilmenite ore are 32. 15. and 21 ivrcent, res|H*ctively, of 
the world resources. l\>r rutile ore. 80 ivrcent t>f tlie re.sources are 
consiiiered reserves. Comparison tif the resi'rves for iron ore. chro- 
mite ore, ilmenite ore conci'iitrate and rutile ore concentrate are i;iven 
by the following': ratios: 1810:15:4:1. Hromiiu' could m>t Ih' ranked since 
quantitative fi|;ures were not available. Kither recovery technoloiry must 
be advanced or prices increased to makt' miniiii; of the resources econom- 
ically feasible. 


riu' raU* at whuMi rosorvob aro Ikmiii; conHuim*ti can Ih‘ ostimatcil 
from the l»7t> world ore priHiuchon (nee table 1). In lUTl*. iron ore, 
chromite, ilmenite and rutile ore priHluctton was 0.,*15, 0.35, 0.50, 
aiHl 0.25 iHM’cent, respectively, of the reserves. At this rate of ci»n- 
sumption, iron and chromium reserves would last for about 300 years, 
ilmenite aUmt 200 years aiul rutile ore for about 400 >ears. However, 
even if the priKiuction increases at tlie rate of 2 iH'rcent year la reason- 
able rate of increase) after fifty years about 70 iH'rcent of the world re- 
serves of iron ore and chromite. 52 pi'rcent of ilmenite, 78 |vrcent of 
rutile and lai'i^e amounts of Itromine would still remain untouclied. 
IC'alculations made usini: staiuiard cont|Htund inti'iest formula.) There 
apivars to be no sipiificant depletion of any of tlie four reactant materials 
III the next fifty years. .Anticipating; that mining: teclinoloi;y will improve 
III the next fifty years more of the restnirces will l>eci>nie reserves there- 
by increasiii^r these |H'rceiitai;es. 

Tlie i(Uaniity of reactant material required for one hundred. UUi MWII 
plants was conipartHi to the 1070 WUrld PrtHluctioii. Tlit* effect t>n iron, 
chromium and titaiiium fivm ilmenite priHiuctu»n is small, at 0.000-1, l.O, 
3.0 ivrcent, resiH'Ctively. Tlie impact mi the mie year titanium from 
rutile and bromine piiHiuctioii is iiiori* significant at 15.5 and 31. -I jH'rcent, 
re.s|H*ctively. llowev»'r. if the.se 100 plants would l»»> Iniilt tiver a ten year 
|H*rnKl, the demaiut wmild lu' within the sco|h* of the 1070 piiHluction rate. 

Ore prices have increa.sed considerably during the past .several years 
and are exp«'Cted ti> contiiuu' increasiiii;. iMiromite i>re prices have shown 
the larjvest increase in recmit yt*ars. .At the pre.sent tune, clirinniuin 
supply ami price outlook is iu>t favorable eince the maji'i* priHluciiii; coun- 
tries are Soulhern PluKli'sia and Si»ulh .Africa. Other chrt>niife .sourci's 
are the I'.S.S. H. , Phillipines ami Turkey. Since the U.S..A. has an insii;- 
nificant chrimiium priKfuction. it is more than 00 iHMcent de|XMident on 
iiiHH>rts. .Althouj’.h the chri'niium price may incrt' i.se more rapidly than 
the other rtMCtants, it could still remain less exix'iisive than titaniuin or 
bromine. 

I'onsiderin^ the current status for supply and cost of flu* four rt‘di»x 
reaefanfs. iron ai’d chromiuin are ranked most favorable. Iron supply 
and cost poses iu> fore.set'ablo problems. .At the present tune chromium 
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im|X)rt supply is ample and althoup;h there liave been recent price in- 
creases, it is still an economical reactant material. The supply of 
bromine and titanium is also adequate. The supply of eacli could proba- 
bly be readily increased if the market existed. The titanium industry 
has suffered due to cutbacks in aerospace activity and could use an addi- 
tional market. The cost of both titanium and bromine are hii;her than 
iron anu chromium, but would probably be reduced as production is in- 
creased. 

r/)NCLUDINU HEMAHKS 

Iron ore is the most abundant and lowest cost of the four raw mate- 
rials investigated. Supply and cost |K)ses no problems since large ore 
dc|X)sits exist in the U.S.A. Chromite ore is considered abundant but 
the U.S.A. supply is 90 ix'rcent dei>endent on im|X)rts. Chromium re- 
sources are located primarily in South Af rica and Southern Hhodesia. 
Chromium ore costs have increased rapidly in recent years, but sill re- 
mains lower Uian titanium or bromine. The titanium ore, ilmenite, is 
available domestically alUtough about one-half of the U.S.A. demand is 
imported. Hutile, a secondary titanium ore, supplies about 15 ix'rcent 
of the world’s titanium ore demand. Ilmenite ore price is only slightly 
higher Uian chromite ore, but rutile is about seven times more titan 
I chromite. Although no quantitative estimates of bromine reserves are 

available, the recoverable amount is known to be large. Bromine price 
j is liighest of all reactants. 

f At the 1976 ore production level, raw materials required for one hun- 

* dred, 100 M\VH Bedox plants would have a significant impact on only the 

I rutile and bromine production. Iron, chromite, and ilmenite ore produc- 

I tion would bt' relatively unaffected by the requirements of Uie one liundred 

[ Redox plants. 

* In summary, the raw materials necessary to supply reactants for 
Redox energy storage plants are available and reserves are adequate for 

' at least the next fifty years. Iron and chromium are the most abundant, 

have tlie largest production ;uid presently are lowest cost. Titanium and 
bromine arc also relatively abundant, but lower production reflects higher 
materials costs. 
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TABLE I. - SUPPLY AND LOST OF liAW MATELaALS FOP POSSIBLE PEDOX REACTANTS 


(Data Nt million short .ons. | 


1 Reac- 

1 

r^w material 

>- ■ — ■ - — . 

Principle raw' 
material 
location 

1 

ftesources 
1 

World |l97C Pnxluction 

L 

— n 

1976 Itaw 
material 
price 

S/short ton 

— 

Percent of 
1976 world 
production 

! 

Ore cost i 

s 1000 AH ' 

i 

1 

1 

I World 

t 

U.S.A. 

reserws j 

’ World 

1 

i 

1 

U.S.A 

Fe 

Iron ore 

Worldwide 

896^10^ 

121/10^ 

28S^10’* 1 987 

90 

18 

0.0094 

0.08 , 

Cr 

Chromite ore 

So. Rhodesia 

3 

18^ 10"* 

8 

2.7/10^ 9.49 

W** ! 

‘‘35 

1.6 

.25 1 



So. Africa 





1 

! 


1 

1 

Ti ! 

1 Ilmenite ore^ | 

So. Africa 

3 

i 3.70^10*^ 

574 

771 ; 4 28 

0. 652 

49 

3.0 

.30 

j 

1 

Canada 

; 1 

* f 






! 

I 



U.S.A. 

1 

i 

1 



J 

i 

1 

« 

1 

Rutile ore^ 

Australia 

220 

6 

1 

176 ; 0.440 

1 

510 

15.5 1 

i 

1.67 

1 Ur 1 

Sea water 

Worldwide 

Virtually 

Unknown j 0.327 

0.220 , 

600 

31.4 j 

2.97 

1 

Brine wells | 


Unlimited ^ 

but larue j 

1 1 

1 

i 

1 

i 


^Bascd on one hundred, 100 \I\VH plants year. 

^Information withheld. 

^As concentrate. Ilmenite; 54 pe rcent TiO«; Ftutile: 100 fjercent TiO^. 
South African ore. 
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Figure 1. • Two tank electrically rechargeable redo< How cell. 




